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Vertical-cavity surface-emitting lasers (VCSELs) are wide-spread laser sources for dif-
ferent applications in optical communication and sensing. The evolution of fabrication 
processes and new technological approaches allow to obtain high-Q single-mode 
VCSELs with data rates more than 100 Gbps. This review discusses basic designs and 
construction features of VCSELs that effect on their applications. The advances over the 
past 20 years for single-mode VCSELs of 850 nm, 1300 nm and 1550 nm wavelength 
ranges are presented. 
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1. INTRODUCTION 

The constant increase of the transmitted information vol-
ume leads to an increase in data processing and storage 
centers, as well as high-speed information and compu-
ting systems demand, which requires the generation of 
new light sources to increase the fiber-optic communica-
tion lines (FOCLs) bandwidth and reduce power con-
sumption during data transmission, since data processing 
centers consumes about 1–3 % of global electricity ca-
pacity [1,2]. One of the rapidly growing directions of 
modern semiconductor optoelectronics research that 
solve this challenge is the development of vertical-cavity 
surface-emitting lasers (VCSELs). 

VCSELs have significant advantages, in terms of com-
parison with edge-emitting lasers (EEL), such as small 
beam divergences [3] and small threshold currents [4,5], on 
the one hand, and relatively high temperature stability [6,7], 
on the other hand, which allow implementation of com-
pact and energy-efficient laser radiation sources. Of great 
importance is the possibility to fabricate compact, single-
mode (SM) generation over the entire current pumping 
range um-scale VCSELs crystals, which is due to the 
shorter length of the resonator [8]. Such devices do not 

suffer from light-current-voltage curve fractures as much 
as semiconductor lasers that switch to higher-order modes 
with a change in the pump current. The first commercial 
use of SM VCSELs was a computer mouse light source to 
increase tracking accuracy, due to the small beam diver-
gence and symmetrical radiation pattern, and to reduce 
electricity consumption, compared to a LED based com-
puter mouse [9]. Another application of SM VCSELs was 
atomic clocks for cesium and rubidium atoms [10]. 

Nowadays, VCSELs are firmly established as light 
sources in FOCLs [11]. The use of VCSELs operating at a 
wavelength of 850 nm for data transmission over distances 
of several hundred meters, i.e., for the first transparency 
window of quartz fiber, is widely spread [12]. This is due to 
high data transfer rates of devices and the relative simplicity 
of a monolithic laser heterostructures based on GaAs sub-
strates [13]. SM operation long-wave (LW) VCSELs oper-
ating at a wavelength of 1300–1550 nm, which provide data 
transmission over distances of more than 1 kilometer 
through the second and third optical fiber transmission win-
dows, are used in high-performance urban networks to re-
duce energy consumption and occupied space by electronic 
components [14,15]. Furthermore, SM LW VCSELs can be 
used for optical interconnections with a small radius of 
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operation, for example, in transceivers or active optical ca-
bles [16], since the combination of SM and multimode fi-
bers in data processing centers requires the use of wave-
length-separated multiplexing devices to increase both the 
capacity and the accessibility of the data centers [17]. 

Lasing at the 1300–1550 nm range requires the use of 
an active region based on InP substrates [18]. In turn, the 
formation of monolithic VCSELs on InP substrates leads 
to a low contrast of refractive indices and poor thermal 
conductivity of distributed Bragg reflectors (DBR) lay-
ers and inefficient current and optical confinement [19], 
which leads to a decrease in the performance character-
istics of the devices. 

Other advantages of VCSELs are the prospect of sili-
con integration, which is of interest for silicon-based mi-
crowave photonics devices and their hybrid integration, 
and the possibility of a group manufacturing of devices on 
a wafer [20]. Thus, there is an opportunity to test VCSELs 
on the wafer, which reduces the cost of the devices, due to 
the crystals quantity per unit area, and allows to form two-
dimensional matrices with many individual addressing 
emitters [21]. These matrices can be considered as sources 
for optical switching of electronic modules in high-perfor-
mance computing systems [22]. For example, VCSELs are 
used in the Tsubame 3.0 supercomputer of the Tokyo In-
stitute of Technology, and in cryogenic environments they 
reach bandwidth frequencies up to 40 and 50 GHz [23,24]. 
VCSELs matrices have found wide practical application 
in laser printers, where one laser has been replaced by a 
two-dimensional array of VCSELs, which has signifi-
cantly increased the quality and speed of printing [25]. 

One of the VCSELs limiting factors is a relatively 
small output power (less than 10 mW), which is due to the 
small size of the devices and the small area of the active 
region (about 80 nm), taking part in the material gain [26]. 
However, in terms of telecommunication applications, 
VCSELs optical power values are high enough to meet the 
requirements for single-mode radiation sources. 

Even though the data transmission markets grow stead-
ily, VCSELs find new applications and occupying adjacent 
markets in such topical areas as infrared lighting [27], in-
dustrial heating, autonomous transport systems [28,29], 
various industrial, gas, biomedical sensors [30], and con-
sumer products, such as smartphones with facial recogni-
tion systems, gestures and autofocus [31]. 

2. DISTRIBUTED BRAGG REFLECTORS 

In VCSELs different construction of mirrors is used as in 
EELs, where light reflected from air-semiconductor inter-
face creates positive feedback. To implement lasing in the 
vertical direction DBRs consisting of many pairs of semi-
conductor layers are used, so that a reflection coefficient 

of about 1 can be reached [32]. DBRs reflectivity depend 
on the number of paired layers and on the contrast of ma-
terials refractive indices [33]. There are several types of 
DBRs for VCSELs applications [34]. 

Monolithic semiconductor DBRs consist of arrayed 
AlGaAs layers with different content of Al. Such layers 
have a sufficiently high thermal conductivity [35], which 
makes it possible to dissipate heat from the VCSELs ac-
tive region [36]. Such DBRs are the most common for 
telecommunication VCSELs due to their temperature 
characteristics and manufacturing processes which allow 
to grow thick AlGaAs lattice-matched layers without dis-
location formation over the entire range of Al concentra-
tions [37]. Nevertheless, monolithic semiconductor DBRs 
require lattice matching with VCSELs active regions and 
here they encounter some fundamental limitations for use 
in LW VCSELs [38]. The InP substrate, which is imple-
mented in the epitaxial growth of LW VCSELs active re-
gions, requires DBRs layers material system lattice-
matched with InP, which is impractical due to the low con-
trast of refractive indices and poor thermal conductivity of 
these materials [39]. A practical solution may be the wafer 
fusion (WF) technique [40], which makes it possible to 
combine DBRs based on AlGaAs materials grown on a 
GaAs substrate and active region grown separately on an 
InP substrate [41,42]. However, it should be noted that 
WF requires additional high-tech equipment for defect-
free fusion of active regions and semiconductor DBRs. 

For the AlGaAs/GaAs material system it is also possible 
to form DBRs by lateral selective oxidation of AlGaAs lay-
ers with a high Al content [43]. Such (AlGa)xOy/GaAs 
DBRs are called oxidized DBRs. They provide a high level 
of reflection and a wide reflectance bandwidth while using 
fewer paired layers, compared to monolithic semiconductor 
DBRs, which is due to a significant difference in the refrac-
tive indices of the materials [44]. However, there is a prob-
lem of mechanical stability of such mirrors [45]. 

Another type of DBRs is dielectric DBRs, which are 
made of materials with higher refractive index than mon-
olithic DBRs [44], so fewer paired layers are used to reach 
effective positive feedback. The most common paired lay-
ers are SiO2/TiO2 and SiO2/Ta2O5. The main issue of such 
DBRs is a poor thermal conductivity, which makes it dif-
ficult to dissipate heat from the VCSEL active region [46]. 
It is also important that the use of dielectric DBRs requires 
implementation of intracavity (IC) contact layers, which 
complicates VCSELs fabrication processes [47]. Basic, 
hybrid structures with radiation output through the sub-
strate are known. These structures combine different mir-
rors in one device to increase thermal conductivity, for ex-
ample, the bottom transparent monolithic semiconductor 
DBR and the top dielectric DBR with a reflection coeffi-
cient close to 1 [48]. 
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The peak reflectivity of the top (t) or bottom (b) mirror 
with number of layer pairs BtM  or ,BbM  respectively, is 
written as [49]: 
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where cn  is refractive index of the cladding material, sn  
is refractive index of the substrate (final layer), 1,2n  are 
refractive indices of DBR layers ( 1 2n n< ). 

The thickness of the DBR layers is determined by the 
expression: 
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where Bλ  is Bragg wavelength. 
The DBRs reflectance bandwidth plateau of maximum 

reflectivity near the Bragg wavelength Bλ  (stop zone/band) 
is defined as [50]: 
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where 

1 2 ,Bn n n∆ = −  (6) 

and grn  is group refractive index. 

3. CARRIERS INJECTION 

One of the main differences in VCSELs designs is in the 
charge carrier injection into the active region [51]. It can 
be performed both through the DBRs [52] and the sub-
strate or with the use of IC contact layers [53]. 

In the first case, metal contacts are applied to the top 
semiconductor mirror and to the bottom side of the sub-
strate (Fig. 1). On the one hand, such design is easy to man-
ufacture due to the planar technological process and it is ac-
tively used for 850 nm VCSELs [54]. On the other hand, the 
design requires high doping of the DBRs to reduce the 
ohmic resistance, which leads to the absorption of radiation 
in DBRs and to an increase in optical losses. This issue lim-
its the use of this design for LW VCSELs [46] with a low 
optical gain. In addition, it is difficult to obtain small values  

 

of parasitic capacitance in doped DBRs, which limits the 
maximum frequency of devices [55]. 

The second case implies a design with a metallization 
deposition on the IC layers [56] sandwiching the active 
region (Fig. 2), which allows to use undoped DBRs. The 
use of IC layers significantly reduces optical losses on the 
mirrors, which is of interest for LW VCSELs [40]. How-
ever, this design complicates the manufacturing technol-
ogy, since the creation of ohmic contacts on IC layers re-
quires precision mesa etching due to small thickness of IC 
layers [57], as the use of thick layers leads to an increase 
in optical losses due to the free carrier absorption [58]. An 
important feature of this design is the possibility of flip-
chip mounting, which is used in integrated matrices based 
on VCSELs [59] and silicon integrated circuits [60], since 

Fig. 1. VCSEL with electrically conductive DBRs. 

Fig. 2. VCSEL with IC contact layers. 
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the contact pads are on the top side of the semiconductor 
heterostructure. 

4. CURRENT CONFINEMENT  

An increase in VCSELs quantum efficiencies and a de-
crease in their threshold and leakage currents are held by 
current confinement of the active region [61]. For energy-
efficient and SM operation the current and the optical field 
must be confined in a way that the main optical mode ex-
cited by current with minimized optical losses [62]. The 
current aperture formation for a current confinement can 
be implemented by a selective oxidation of the active re-
gion (Fig. 3). The use of selective oxidation [63] solves 
the problem of current spreading between the n- and p-
regions, eliminating non-radiative recombination and al-
lows to form small dimension aperture [64]. Thus, the SM 
operation with large mesa etching sizes is possible. It 
should be noted that oxidation is not a precisely controlled 
process and causes mechanical instability within sur-
rounding semiconductor layers [65]. 

Another way to form current aperture, which was 
mainly used at the early stages of VCSELs development, 
is a proton implantation [66]. The schematic view of the 
proton implanted VCSEL is shown in Fig. 4. The essence 
of the method is the implantation of protons through the 
upper DBR to form a waveguide and to accumulate charge 
carriers in the middle of the active region by reducing the 
lifetime of charge carriers in the implanted areas [67]. 
Such structures are relatively simple to manufacture but 
they have large threshold currents [68] and there is a risk 
of device degradation in case of accidental access of im-
plants into the active region. 

For a LW VCSELs it is possible to achieve current con-
finement with the use of a buried tunnel junction (BTJ) [69]. 
Tunnel junction (TJ) implies a p-n junction with a heavy 
doping (>1019 cm–3), where the charge carriers overcome 
the potential barrier while preserving their potential en-
ergy, and the concentrations of the dopant put the Fermi 
level much further into the conduction band of the n+ layer 
than the valence band of the p+ layer. When a non-zero 
voltage of any polarity is applied, a rapid increase in cur-
rent between p and n layers of the tunnel junction follows. 
The BTJ concept (Fig. 5) for the LW VCSELs design is 
used to create a laterally structured TJ inside of a p-type 
section of the laser [70,71]. 

The BTJ diameter is limited by the diameter of the 
BTJ mesa and do not exceed the total diameter of the p-
type section mesa. BTJ mesa is formed by selective 
etching of the upper n+ layer to the p+ layer [72]. The 
overgrowing (burying) of the TJ is carried out with a 
moderately doped n-type layer. Thus, within the p+n+ 
area of BTJ extremely low resistance is formed due to 

the tunnel effect and out of p+n+ area a reverse bias p–n 
junction is formed, which prevents the flow of current 
with the applied voltage. 

The BTJ concept makes it possible to preserve the 
height difference between the BTJ region and periphery 
regions beyond it after burying when the depth of etching 
is / 4n> λ , which provides a positive difference effn∆  of 
the effective refractive index effn  [73] 

,eff opt

eff opt

n l
n l
∆ ∆

=  (7) 

where optl  and optl∆  are the length of the optical resonator 
and the difference in the length of the optical resonator be-
tween the BTJ area and adjacent areas. 

To bury the TJ it is possible to use not only the 
metalorganic vapour-phase epitaxy (MOCVD) method 

Fig. 3. Selectively-oxidized VCSEL. 

Fig. 4. Proton-implanted VCSEL. 

Fig. 5. VCSEL with a buried tunnel junction. 
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but also molecular-beam epitaxy method, which elimi-
nates the need of MOCVD setup [74]. However, the com-
plete planarization of the overgrown surface does not oc-
cur, and a height difference corresponding to the TJ mesa 
depth on the overgrown surface is observed. This can lead 
to the «saturable absorber» effect, which is a significant 
increase in threshold current values and abrupt onsets of 
lasing (kink) [75]. 

5. ACTIVE REGION MATERIALS 

Since the active regions of modern lasers are based on a 
heterojunction the choice of materials is limited due to the 
requirement of close materials’ thermal expansion coeffi-
cients and crystal lattice constants to suppress the for-
mation of defects at heterojunctions. For VCSELs fabrica-
tion A3B5 compounds are used, which are formed by a 
combination of aluminum, gallium, indium as group III el-
ements on the one hand and phosphorus, arsenic, nitrogen 
and antimony as group V elements on the other hand. An 
important influence is exerted by the choice of dopants of 
II, VI, or IV groups of elements for additional charge car-
riers. As for the first practical implementation of VCSEL, 
the material of its active region was GaInAsP with 
charge carriers confinement realized by a double hetero-
junction [76]. Fig. 6 presents output optical power data for 
VCSEL three spectral bands reported over the past 20 
years [46,55,78–140]. One of the most important features 
in the 850 nm VCSELs fabrication is a possibility of a sin-
gle growth process of heterostructures containing both 
quantum wells (QWs) of the active region and high-Q 

upper and lower monolithic DBRs based on GaAs. In or-
der to further increase the current density and to achieve a 
higher modal gain in lasing structures, it was proposed to 
use one or more QWs as an active region [77]. For exam-
ple, in 2001 (Fig. 6) several 850 nm VCSELs with GaAs 
QW with output SM optical power of about 1 to 5 mW 
were demonstrated. Since 2010 a transition to another ma-
terial of the active region — InGaAlAs —took place and 
since 2015 the most common material is the ternary solu-
tion of InGaAs, which is related to a non-radiative recom-
bination decrease and development of technology to ob-
tain strained QW with a significant lattice constant 
mismatch. The choice of active region materials for 850 nm 
telecommunication VCSELs do not significantly impact the 
SM output optical power value, which can be obtained from 
Fig. 6 , where the average value of studied devices is about 
3–5 mW, since efficient operation in FOCLs can be carried 
out even at a power of 1 mW. 

The use of ternary and quaternary solutions of A3B5 in 
QWs expands the spectral range of devices and makes it 
possible to achieve a higher optical gain at the same pump-
ing due to a sharp change in the density of states near the 
edge of the quantum subband. Expanding the spectral 
range of VSCELs with GaAs-matched compounds such as 
InGaAsN(Sb) makes it possible to reach the LW range, 
but this does not lead to a high performance. Thus, in 
2001, a 1300 nm VCSEL was demonstrated with a maxi-
mum output optical power of about 1 mW. 

The most widely used LW VCSELs active regions are 
grown on InP substrates. The use of InGaAlAs QWs al-
lowed to obtain SM output optical powers of 8, 7, 7.4 mW 
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for 1300 nm VCSELs in 2014, 2015 and 2016, respec-
tively [107,120,137]. For 1550 nm VCSELs the obtained 
SM output optical powers are significantly lower: 2.51 and 
4 mW in 2017 [134] and 2016 [135], respectively. The use 
of InGaAs for 1550 nm VCSELs active regions allowed to 
obtain a SM output optical power of 6 mW in 2017 [125]. 
The main disadvantage of such active regions is the poor 
temperature stability, which, together with a lower reflec-
tivity of DBRs based on InP, does not allow one to create 
monolithic devices such as 850 nm VCSELs based on 
GaAs. The practical solution of this issue is the use of di-
electric mirrors or alternative approaches to create hetero-
structures, such as WF, which effectively combines the 
advantages of an active region based on InP and high-Q 
DBRs based on AlGaAs/GaAs materials. 

SM operation at wavelengths of 1300 and 1550 nm re-
quires the creation of an aperture with diameters ~ 4 and 
6 μm for current and optical confinement, since the use of 
QWs leads to a charge carriers lateral diffusion in the ac-
tive region, which increases the threshold current thI . The 
use of quantum dots (QDs) solves the problem of charge 
carriers leakage and expands the VCSELs spectral range 
compared to QW-based VCSELs. However, due to the 
QDs array low surface density QD-based devices have a 
relatively low modal gain value. The studied QD-based 
VCSELs provided SM output optical powers less than 
3 mW in 2020 [106]. Low values of SM output optical 
power are usually a consequence of additional QDs arrays 
to reach the modal gain, which leads to a large number of 
structural defects and requires complex methods to im-
prove the quality of heterostructures. 

As an alternative to active regions based on QWs and 
QDs active regions based on superlattices are known. In 
such structures minibands are formed [141], which are lo-
cated both in the region of the QW and in the region of 
barrier layers. Thus, the width of the active region’s effec-
tive part in such structures is greater than that of QW-
based structures, which is due to an increase in standing 
light wave overlapping with the region that amplifying the 
light [142]. The demonstrated in 2022 [111] 1300 nm 
VCSEL with an InGaAs superlattice obtained by WF has 
an output optical power of 6 mW, which is superior to 
most of the LW QW-based VCSELs. 

6. SMALL-SIGNAL MODULATION RESPONSE 

Dynamics of VCSELs mode composition is described by 
a system of rate equations for the photon density of the 
mth mode mN  and the carrier density n as: 

, ,st m m
n m

dn I n R N
dt qV

= − −
τ ∑  (8) 

( )1
, , , ,m

m st m ph m sp m tot
dN

N R R K
dt

−= − τ +  (9) 

where ,  st mR is stimulated recombination factor, ,sp mR  is 
spontaneous recombination factor, ,ph mτ is photon life-
time, totK  is coefficient of total increase of spontaneous 
emission,  I is injection current,  q is elementary charge, 

 V is VCSEL’s active region volume, nτ  is carrier life-
time. 

The contribution of spontaneous radiation can be ne-
glected and as a result, the modulation transfer function 
linking the fluctuations of the photon density with the at-
tenuation of the modeling current looks like this: 
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spτ  is nonequilibrium carrier lifetime, ν is modulation fre-
quency, grv  is group velocity, rΓ  is relative confinement 
factor or gain enhancement factor, ε is gain compression 
factor, a  is differential gain coefficient, Iη  is current in-
jection efficiency. 

The damping coefficient can be rewritten as: 

2 1 ,r
sp

Kγ = ν +
τ

 (14) 

where K is so-called K-factor 
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Its importance lies in the fact that the maximum –3dB 
modulation corner frequency ( ) 2H v  is related to the K-
factor as: 

22 .max K
π

ν =  (16) 

This value characterizes the internal limit of laser mod-
ulation without any spurious effects. Main effects, acting 
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as speed limits are self-heating and onset of multi-trans-
verse-mode operation. 

For applications in optical communication, it is of 
great interest to obtain a high modulation bandwidth at 
low operating currents. Taking an approximation for rν  
and neglecting the gain compression and relating the pho-
ton density 0N  to the output power P as 0ˆ d p phN V Pη ω = τ  
(with a photonic quantum efficiency for top and bottom 
emission ˆ dη , an effective volume occupied by the lasing 
mode pV , a reduced Plank’s constant  and an optical an-
gular frequency ω) we get the expression: 

,r thD I Iν = −  (17) 

where the proportionality coefficient is often called the D-
factor.  

The modulation current efficiency factor (MCEF) deter-
mines the increase of –3dB corner frequency of ( ) 2H ν  as: 

3 .dB

th
MCEF

I I
−ν=
−

 (18) 

Deviations from the ideal modulation mode occur due 
to parasitic elements found in the equivalent electrical cir-
cuit of the laser. They can be accounted for by a parasitic 
modulation transfer function ( ),pH ν  converting ( )H ν  
into the total response: 

( ) ( ) ( ).t pH H H= ⋅ν ν ν  (19) 

The RC low-pass filter arising from the ohmic series 
resistance R and capacitance C can impose serious fre-
quency restrictions. In this case, ( )pH ν  is expressed as 
( )1/ 1 / pi+ ν ν , where 1/ (2 ).p RCν = π  Elements of an 

equivalent circuit can be derived from measurements of 
microwave impedance. 

In general, the measured small-signal response of 
VCSEL is approximated by the function: 
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with constant B. 
The general behavior of ( )tH ν  is shown in Fig. 7. As 

can be noted, it acts as a second-order low-pass filter. The 
modulation of VCSELs intensity follows current modula-
tion up to rν , where the response is enhanced. However, 
when the resonance frequency is achieved the small-signal 
response drops off drastically. The frequency at which the 
electrical power response drops to half its DC value is 3 ,dBν  
which for small current injection values is slightly greater 
than rν . And the actual peak position of ( )tH ν , ,pν  be-
comes slightly smaller than rν  with increasing current. 

Long-lasted development of the 850 nm VCSEL 
growth technology already in the 2000s made it possible 

to introduce devices whose effective modulation fre-
quency exceeds 15 GHz [63,78,95], and with the maxi-
mum achieved value is 21.5 GHz [78]. The following de-
velopment of the production process of short-wavelength 
VCSELs made it possible to obtain a record value of 
45 GHz in 2020, for which an electro-absorption modula-
tor [104] was used.  

For the next generation of VCSELs, where InGaAlAs 
was used as an active region, effective modulation fre-
quencies at the level of 15–25 GHz [81,85–86,143–144] 
with a limiting value of 30 GHz [139] for 850 nm 
VCSELs became ordinary. As for LW VCSELs, maximum 
achieved values were 19 and 22 GHz, respectively [112]. 
Such an increase in frequency was realized using IC con-
tacts, which made it possible to significantly reduce the 
capacitive component of the VCSEL, which was limiting 
the response time before. 

Also, over the past five years, an improvement in the 
quality of heterostructures of devices based on quantum 
dots has been noted: their effective modulation fre-
quency has almost doubled from 12–14 GHz [99,132] to 
20–22 GHz [106,121]. 

As for the recent devices based on superlattices, they 
showed effective frequency modulation up to 8 GHz, how-
ever, such a low effective modulation frequency was as-
sociated not with the transition to a new design of the ac-
tive region, but with a non-optimal doping level of the 
layers and with a large area of the reverse-biased p–n junc-
tion, which led to a significant increase in the capacity of 
the final VCSEL. In Fig. 8 the maximum effective fre-
quency of VCSELs is noted for 850 nm, 1300 nm and 
1550 nm [46, 55, 63, 78–82, 84–88, 90–102, 104–110, 
112–125, 127–140, 143–154]. 

7. DATA RATES 

In terms of digital modulation, time-dependent rate equa-
tions (8,9) must be solved including lateral variations of 

Fig. 7. Small-signal response for increasing values of resonance 
frequency with relationships between the peak, the resonance 
and the 3 dB-cutoff frequencies. 
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particle densities and carrier diffusion, to consider numer-
ical analysis of the large-signal modulation behavior 
[155]. There are several effects which impact on SM 
VCSELs modulation performance. One of them is turn-on 
delay, which is the time to build up carrier density in 
VCSEL active region to the threshold value [156]. The 
low VCSELs threshold allows to observe bias-free opera-
tion but the delay strongly depends on temperature, since 
a threshold current value rises [157]. This issue signifi-
cantly limits bias-free uncooled VCSELs data rate. The 

spontaneous emission of active region causes fluctuations 
and deviation of turn-on delay called turn-on jitter, which 
is usually of about 10 ps [158]. Another issue is noises 
caused by a mode competition in case of a weak transverse 
mode or polarization suppression and electric parasitic 
[159]. The obtained VCSELs data rates are shown in 
Fig. 9 [55, 63, 80–84, 86, 88, 90, 91, 93–112, 114–123, 
125–127, 132–134, 137–139, 144, 145, 149, 153, 160, 161]. 

For 850 nm VCSELs maximum data rate increased 
markedly over the past 20 years. The modernization of 
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GaAs QW-based SM VCSELs increased data rate from 
10 Gbps in 2000 [78] up to 40 Gbps in 2010 [55] due to 
implementation of smaller aperture that provided higher 
resonance frequencies without significant increase in cur-
rent density, which prevented overheating and increased 
lifetime of the devices, and technological fine-tunning of 
heterostructures to reduce parasitic resistance and capaci-
tance. Further increase of data rate up to 60 Gbps in 2009–
2015 is related to the use of strained InGaAlAs QWs [80–
83,86,88,90,110,138–139,146], which reduced threshold 
currents and provided more efficient current and optical 
confinements. The use of QDs [99,106,132] as an active 
region was not justified, since constant cooling was re-
quired, and data rate was even less than in the case of 
QWs. The use of strained InGaAs QWs [96–98,100,103] 
without Al reduced non-radiative recombination, although 
it led to some issues with temperature characteristics, and 
has been most common for application since 2016, reach-
ing data rates over 100 Gbps [101,103]. 

The development of LW VCSELs also affected data 
rate, which increased from 5 Gbps [115–117,119] up to 50 
Gbps [46,128]. As with VCSELs for the first window of 
transparency the main progress in data rate is related to the 
use of strained InGa(Al)As QWs. Early works demon-
strated VCSELs basically based on GaAs materials [108]. 
These devices did not exceed 15 Gbps and suffered from 
poor temperature stability and high threshold currents. 
The sufficient following progress is related with imple-
mentation of new approaches to fabricate high-Q VCSELs 
such as mesa etching of IC contact layers and heat-
spreader, BTJ concept, flip-chip mounting, the use of hy-
brid metal-dielectric mirrors and WF with good thermal 
conductivity DBRs. 

The use of superlattices as an active region for LW 
VCSELs seems to be perspective [109,111]. Even though 
the achievable speeds are not record-breaking, such de-
vices demonstrate good temperature stability and are suit-
able for applications as uncooled laser radiation sources, 
but at the same time they require a set of complex high-
tech processes to manufacture heterostructures. 

8. CONCLUSIONS 

In the present review we have summarizes types and fea-
tures of mirrors and active regions designs, the ways of 
current confinement and carrier injection of VCSELs. We 
have also analyzed their characteristics for the past 20 
years in terms of performance, such as single-mode optical 
power, modulation frequency and data rate for wavelength 
ranges of 850 nm, 1300 nm and 1550 nm. The most ad-
vanced and widespread is the combination of technologies 
such as WF with monolithic DBRs or dielectric DBRs in 
combination with IC contacts and the use of oxidation or 

BTJ to create an aperture for current and optical confine-
ments. 

The changes in active region material systems over the 
past 20 years allow to conclude that material systems have 
no significant impact in terms of SM optical power, which 
is due to a number of fundamental problems of VCSELs 
topology, such as charge leakage, issues with a tempera-
ture stability and limited sizes of aperture for a SM opera-
tion. In turn, with the use of the InGa(Al)As material sys-
tem a significant progress was noted in maximum values 
of frequencies and data rates. Thus, to date, there has been 
an increase by about 2–3 times in the data rate for both 
850 nm VCSELs and LW VCSELs.  

The use of low-dimensional structures such as QDs 
does not find significant practical applications as strained 
QWs, despite an increase in frequencies values. However, 
new designs such as superlattice-based VCSELs are of in-
terest, in particular, due to good temperature stability and 
record gain values. 
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Обзор на одномодовые вертикально-излучающие лазеры  
для высокоскоростной передачи данных 

С.С. Рочас, Я.Н. Ковач, П.Е. Копытов, А.В. Кремлева, А.Ю. Егоров 

Институт перспективных систем передачи данных, Университет ИТМО, Кронверкский пр., 49, лит. A, Санкт-Петербург 
197101, Россия 

 

Аннотация. Вертикально-излучающие лазеры (ВИЛ) являются широко распространенными источниками лазерного излу-
чения для различных применений в волоконно-оптических линиях связи и в качестве сенсоров. Прогресс в технологиях 
изготовления и новые методы получения высококачественных ВИЛ позволили превысить скорости передачи данных более 
100 Гбит/с. Данный обзор содержит описание основных конструктивных особенностей влияющих на характеристики ВИЛ. 
Представлены достижения за последние 20 лет в области одномодовых ВИЛ для передачи данных в диапазоне длин волн 
850 нм, 1300 нм и 1550 нм. 

Ключевые слова: вертикально-излучающий лазер; волоконно-оптические линии связи; телекоммуникации; одномодовый; 
скорость передачи данных 
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